Five short interspersed repetitive elements (SINEs) were found fortuitously in the introns of a steroid hormone receptor AaHR3-2 gene of the yellow fever mosquito, Aedes aegypti, constituting a novel family of tRNA-related SINEs named Feilai. In addition, nine other Feilai elements were found in currently available sequences in Ae. aegypti, six of which were also near genes. Approximately 5.9 ϫ 10 4 copies of Feilai were present in Ae. aegypti, equivalent to 2% of the entire genome. An additional 35 Feilai elements were isolated from a genomic library. Of the total 49 Feilai elements, 20 were full-length. Sequence comparisons and phylogenetic analyses of the full-length elements strongly suggest that there are at least two subfamilies within the Feilai family. There is a high degree of conservation within the two subfamilies. However, sequence divergence between the subfamilies, along with the presence of highly degenerate Feilai elements, suggests that Feilai is likely a diverse family of SINEs that has existed in Ae. aegypti for a long time. Many Feilai elements were closely associated with other transposons, especially with fragments of non-LTR retrotransposons and miniature inverted-repeat transposable elements. The 500-bp sequences immediately flanking a Feilai element were highly AϩT-rich, which is consistent with the fact that no Feilai has been found in the coding regions of genes. It is likely that the highly reiterated and interspersed Feilai elements are partially responsible for the pattern of short-period interspersion of the Ae. aegypti genome. The evolutionary relationship between Feilai and the Ae. aegypti genome is likely complex.
Introduction
There are two classes of transposable elements, categorized by the mechanisms of their transposition (Finnegan 1992; Robertson and Lampe 1995) . Class II elements such as P and mariner transpose directly from DNA to DNA. Class I elements transpose via an RNA intermediate. The RNA transcripts of the original elements are reverse-transcribed to cDNA molecules. The cDNAs are then inserted elsewhere in the genome. Class I elements can be further divided into three groups, including long terminal repeat (LTR) retrotransposons, non-LTR retrotransposons, and short interspersed repetitive elements (SINEs). While both LTR and non-LTR retrotransposons code for reverse transcriptase and other activities that are essential for retrotransposition, SINEs do not have any coding potential. Recent evidence suggests that they may have been borrowing the retrotransposition machinery of autonomous non-LTR retrotransposons (Ohshima et al. 1996; Okada and Hamada 1997; Terai, Takahashi, and Okada 1998) . SINEs can be further divided into two groups based on their sequence similarities to small RNAs. Elements such as the primate Alu family share sequence similarities with 7SL RNA (e.g., Jurka 1995) , while most other SINEs belong to a different group that shares sequence similarities to tRNA molecules (Okada and Ohshima 1995) .
Some families of SINEs are highly repetitive in the genome. For example, the human Alu family consists of more than 600,000 copies, equivalent to more than 5% of the entire genome (Jurka 1995) . Although it is believed that the majority of SINEs may be parasites in their host genomes, there are cases in which SINEs are providing gene regulatory sequences and are sometimes involved in the modification of gene expression (Murnane and Morales 1995; Britten 1996; Shimamura et al. 1998) . SINEs may also impact the host genomes in other ways, such as in recombination and modulation of chromatin structures (Makatowsky 1995; Maraia 1995) .
Polymorphic insertions of SINEs are potentially rich sources of genetic markers for population and genetic mapping studies, because SINEs are often interspersed and highly repetitive. The power of such markers has been demonstrated in several recent phylogenetic and population studies of fish, whales, and humans (e.g., Batzer et al. 1994; Hammer 1994; Batzer et al. 1996; Shimamura et al. 1997; Hamada et al. 1998; Novick et al. 1998; Takahashi et al. 1998) .
Several families of transposable elements have been found in the yellow fever mosquito, Aedes aegypti, as listed in Tu, Isoe, and Guzova (1998) . I here describe the discovery, genomic characterization, and evolutionary analysis of Feilai, which is the first family of SINEs reported in Ae. aegypti. The analysis of a large number of genomic clones that contain Feilai elements also provides insights into the distribution of Feilai elements and the organization of the Ae. aegypti genome. The possibility of developing genetic markers based on the potentially polymorphic insertions of Feilai elements is also discussed.
Mosquito Feilai Elements 761
Construction of a ZapExpress Genomic Library A genomic library that contains inserts from 1.3 to 2.5 kb was prepared using DNA from the Rock strain of Ae. aegypti and a ZapExpress vector kit from Stratagene Cloning Systems (La Jolla, Calif.). The vector was predigested with BamHI. The genomic DNA was partially digested with Sau3AI. The digestion conditions were optimized to produce mostly 1-3-kb fragments. The digested fragments were separated on an agarose gel. Bands between 1.3 and 2.5 kb were purified using the Sephaglas Bandprep Kit from Amersham Pharmacia Biotech (Arlington Heights, Ill.) . An approximately 1:1 ratio of insert and vector was used to minimize double inserts in a clone. The primary library has 2.8 ϫ 10 6 original plaque-forming units, with a 1.7% background. A total of 2.0 ϫ 10 6 original plaque-forming units were amplified and stored. Aliquots of the rest of the primary library were used in the screening experiments described below.
Screening of the ZapExpress Genomic Library
The above unamplified library was screened using a probe covering 138 bp of the tRNA-unrelated conserved region in Feilai-Aa-B1. It also contained a 36-bp stretch in the tRNA-related region which did not affect the specificity of the probe. The template for the labeling reaction was a PCR product obtained using a plasmid that contains Feilai-Aa-B1 and the primers AG-GATCTTTTCGTAATGGA and TCACTGGGACAAA-GCCT. The PCR product was then labeled using only the first primer. The labeling condition was the same as that described by Tu and Hagedorn (1997) , using a digoxigenin-dUTP labeling mixture. MagnaGraph Nylon membranes (Micron Separation Inc., Westborough, Mass.) were used to lift the plaques. Hybridization was carried out at 55ЊC, and other conditions were similar to those described in Tu (1997) with the following modifications. Three washing stringencies were used independently. The first set of washes were always at 55ЊC with 2 ϫ SSC. The second set of washes were at 55ЊC with 0.1 ϫ SSC, 0.5 ϫ SSC, or 2 ϫ SSC, respectively. All washing solutions contained 0.1% SDS. The label was detected using an alkaline phosphatase linked antidigoxigenin antibody and the two phosphatase substrates X-phosphate and nitroblue tetrazolium salt, following the protocol of Boehringer Mannheim, Biochemicals (Indianapolis, Ind.).
Estimation of the Copy Number of Feilai Elements
The copy number of the Feilai elements in the Ae. aegypti genome was estimated during one of the above screening experiments under the following conditions: hybridization at 55ЊC, as described above, and the final two washes at 0.5 ϫ SSC. The following formula As described above, the background of the library (b) is 1.7%. The average insert size of the genomic library (I) is 1,900 bp. The percentage of false positives (f) was estimated in an experiment shown in table 3. At the washing stringency of 55ЊC with 0.5 ϫ SSC, f ϭ (64 ϩ 48)/(64 ϩ 60) ϭ 9%. The size of the haploid genome of Ae. aegypti Rock strain(G) has been estimated to be 8 ϫ 10 8 bp by Rao and Rai (1987) . Therefore, the copy number of the Feilai elements can be estimated based on the number of positive clones among the total number of clones screened.
In Vivo Excision and DNA Sequencing Inserts in ZapExpress clones were excised in vivo into the pBK-CMV phagemid vector, using the ExAssist helper phage from Stratagene Cloning Systems. Sequencing was done by the Sequencing Facility at the University of Arizona with either T3/T7 primers or custom synthetic primers, using an automatic sequencer (model 377) from Applied Biosystem Intl. (Foster City, Calif.).
Sequence Analysis and Phylogenetic Inference
Searches for matches of either nucleotide or amino acid sequences in the database (nonredundant GenBank ϩ EMBL ϩ DDBJ ϩ PDB) were done using FASTA of GCG (Genetics Computer Group, Madison, Wis.; version 9.0, 1996) and BLAST (Altschul et al. 1997) . Pairwise comparisons were done by Gap and Bestfit of GCG. Multiple sequences were aligned by Pileup, which is a progressive, pairwise method from GCG (gap weight ϭ 1, gap length weight ϭ 0). Consensus of the multiple-sequence alignment was obtained using Pretty of GCG. Phylogenetic trees were constructed using the neighbor-joining, minimum-evolution, and maximumparsimony methods of PAUP* 4.0 b1 (Swofford 1998) . Specific parameters used in the phylogenetic analyses are described in the figure legends. Five hundred bootstrap resamplings were used to assess the confidence in the grouping (Felsenstein and Kishino 1993) .
Statistical Test
The F-test was used to analyze the probability of equal variance between two data populations. Because the assumption of equal variance was not violated in any of the comparisons, a simple t-test was used to compare the means. These tests were performed using Excel, version 5.0, from Microsoft (Seattle, Wash.). hormone receptor gene DHR3 (Koelle, Segraves, and Hogness 1992) . A 286-bp insertion was identified in the AaHR3-2 sequence when it was compared with AaHR3-1. As shown in figure 1A , the insertion sequence is flanked by 9-bp target duplications. This insertion sequence was inferred to be a mobile element and was designated Feilai-Aa-A1. In addition, four other Feilai elements were discovered in the 19.8-kb AaHR3-2 sequence, as shown in figure 1B . Pairwise comparisons of these five Feilai elements showed 67%-86% identity. All five elements are full-length and are flanked by putative target duplications, as discussed below. Common structural characteristics of the five elements suggest that Feilai is a family of tRNA-related SINEs. As shown in figure 1C , they share a composite structure similar to that of other tRNA-related SINEs (Okada and Ohshima 1995) , where a tRNA-related sequence is followed by a tRNA-unrelated conserved region and a (GAA) n repeat. For example, a 89-bp fragment at the 5Ј end of FeilaiAa-A1 showed 69% identity to a Caenorhabditis elegans Leu-tRNA gene (GenBank U50191). This region contained the A and B boxes of the polymerase III promoter.
Results

Discovery of a Family of SINEs Named
In addition to the five Feilai elements found in AaHR3-2, nine copies of Feilai elements were also found in other sequences in Ae. aegypti, as shown in table 1. Six of the nine copies were found in the 5Ј-and 3Ј-flanking regions of four genes. Three of the nine copies were associated with two different retrotransposons. Among the total of 14 Feilai elements, eight are fulllength, including the five in the introns of the AaHR3-2 gene, as shown in figure 2. The rest are truncated at either the 5Ј or 3Ј ends as indicated in table 1.
The Feilai Family of SINEs is Highly Reiterated and Interspersed in the Ae. aegypti Genome
The copy number of the Feilai elements in the Ae. aegypti genome was estimated by screening an unamplified ZapExpress genomic library as described in Materials and Methods. A total of 3.1 ϫ 10 4 plaques were screened, and the final two washes were at 0.5 ϫ SSC. There were approximately 4,680 positive plaques. Thus, according to the formula shown in Materials and Methods, the total number of Feilai elements per Ae. aegypti haploid genome under the above screening conditions was approximately 5.9 ϫ 10 4 , which is equivalent to approximately 2% of the entire genome. Because one in every six to seven clones in the above library contains a Feilai element, it is likely that Feilai elements are highly interspersed in the genome. Screening of a Dash II genomic library which has inserts averaging 16 kb in size showed that one in every two to three clones has at least one Feilai element under similar conditions (data not shown). This further indicates the interspersion of Feilai elements.
Sequence Comparisons and Phylogenetic Analyses of the Full-Length Elements Suggest the Presence of Subfamilies
As shown in table 2, an additional 35 Feilai elements were found in 34 positive clones, all of which were deposited in GenBank (accession numbers Deitsch and Raikhel (1993) This paper This paper This paper Deitsch and Raikhel (1993) Isoe and Hagedorn (personal communication) Isoe and Hagedorn (personal communication) Edwards and Hagedorn (1999) Edwards and Hagedorn (1999) Warren, Hughes, and Crampton (1997) NOTE.-The system used to organize Feilai elements is as follows: the first letter of the genus name and the first letter of the species name are used to identify the organism in which the element is found. The capital letter after that (A or B) represents the subfamily to which the element belongs. The letter U stands for the group of unclassified elements. The Arabic numeral is used to identify the individual element. All loci are genes except MosquI-Aa5 and ZebedeeI. MosquIAa5 is a non-LTR retrotransposon in Ae. aegypti. ZebedeeI is a copia-like retrotransposon in Ae. aegypti. Five-hundred-base-pair 5Ј-and 3Ј-flanking sequences were analyzed for each Feilai when possible. Numbers in brackets represent the lengths of the flanking sequences that are less than 500 bp.
a AϩT contents of 5Ј-flanking sequences of Feilai elements. AF107664-AF107698). Thus, a total of 49 Feilai elements have been discovered (as listed in tables 1 and 2). I concentrated on analyzing the phylogenetic relationships of the full-length Feilai elements, because it is difficult to obtain a reliable assessment of the phylogenetic relationships of all 49 Feilai elements, many of which have only a short stretch of sequences in the more variable 5Ј region, as described below. A multiplesequence alignment of the 20 full-length elements is shown in figure 2A . The sequence alignment suggests that there are two groups of Feilai elements especially apparent in the sequence differences in the tRNA-related region. The two groups are indicated by the letters A and B. There are 13 elements in group A and 7 in group B. Three of the group A elements, A2, A5, and A11, showed more sequence divergence than did the rest of the group A elements. A pairwise comparison of the consensus sequences of groups A and B is shown in figure 2B . There is 27% sequence divergence in the tRNA-related region, while the divergence in the tRNAunrelated conserved region is only 8.5%. Both sequences have regions that match very well the B box promoter sequences of a C. elegans Leu-tRNA gene (GenBank U50191) based on a FASTA database search. However, the consensus sequence of group A matches the A box promoter relatively well, while a gap had to be inserted for the group B consensus to match the A box ( fig. 2B ). Phylogenetic analyses of the 20 full-length elements shown in figure 3A confirmed the presence of two subfamilies in Feilai. Three methods, including minimum evolution distance, neighbor joining, and maximum parsimony were used. The division into subfamilies A and B was well supported by all three methods with bootstrap values all above 98%. In addition, there were two other nodes that were well supported by all three methods: the node connecting Feilai-Aa-A4, Feilai-Aa-A8, and Feilai-Aa-A10, and the node connecting Feilai-Aa-A1 and Feilai-Aa-A3. There were other nodes that were supported by bootstrap analysis at a less confident level, as shown in figure 3A . Interestingly, the average branch length within the group A elements, excluding the three more diverged elements A2, A5, and A11, was shorter than the average branch length of the elements in group B, indicating different levels of sequence divergence within these two subfamilies. Because there is a possibility of recombination between different copies of the highly reiterated Feilai elements during evolution, a phylogenetic tree was also constructed using the 15 elements that are flanked by direct repeats to reduce the possible complications introduced by recombination. As shown in figure 3B , the basic pattern of the phylogenetic relationship among the 15 Feilai elements is the same as that in figure 3A , while some nodes are supported with slightly higher bootstrap values.
Significant Rate of Truncation Among Feilai Elements
As shown in tables 1 and 2, 21 of the 49 Feilai elements identified are truncated, 14 at the 5Ј end, 6 at the 3Ј end, and one at both ends. This does not include the 8 Feilai elements truncated during the cloning process. The elements that have a few bases missing at one or both ends are not counted as truncated. All 21 truncated copies were compared with the consensus sequences of groups A and B in a multiple-sequence alignment, as shown in figure 4 . Some of the truncated copies are highly similar to the consensus sequences, while many others are much more divergent. Most of the truncated copies that have relatively long sequences in the more variable tRNA-related region are more similar to 764 Tu FIG. 2.-Sequence comparisons of full-length Feilai elements in Aedes aegypti. A, A multiple-sequence alignment of 20 full-length Feilai elements. Names of the elements were abbreviated by omitting the common prefix ''Feilai-Aa.'' The system used to name the Feilai elements is explained in the footnote to table 1. The alignment was done by Pileup of GCG and was then slightly modified manually at the 3Ј end to improve the alignment in the region of GAA repeats. The consensus sequence was created by Pretty (plurality ϭ 10, threshold ϭ 1) of GCG. the group B consensus than to that of group A. However, because of the difficulty in classifying the truncated elements using a phylogenetic approach, all truncated copies are currently grouped in the unclassified category. No obvious direct repeats could be identified flanking any of the truncated elements. Moreover, there are more 5Ј truncations than 3Ј truncations. Interestingly, 7 of the 14 truncations at the 5Ј end occurred within 5 bp of an adenine base, as shown by the arrow in figure 4.
Relative Abundance of Feilai Elements at Different Levels of Divergence
The 34 sequenced clones listed in table 2 were obtained from a multiple-lift screening experiment at three different stringencies, as shown in table 3. The probe used here covers most of the conserved region and matches very well (94% identity) the consensus sequence of all full-length Feilai elements shown in figure  2 . Therefore, the similarity of a particular element to the probe is a good measure of its similarity to the general consensus. The relative number of positive clones identified under different conditions can be used to estimate the number of Feilai elements at these stringencies, which may reflect the relative number of Feilai elements with different levels of sequence similarities to the probe and to the consensus sequence. As shown in table 3, there were 2.3 ϫ 10 4 Feilai elements per genome when screening was done at 0.1 ϫ SSC. There were an additional 1.7 ϫ 10 4 Feilai elements when the stringency was lowered to 0.5 ϫ SSC. Only 4.7 ϫ 10 3 more copies of Feilai were identified when the stringency was further lowered to 2 ϫ SSC. Thus, a large portion of the Feilai elements were highly similar to the probe and the consensus, while a significant number of Feilai elements had a relatively high sequence divergence from the consensus.
Association with Other Transposable Elements
As shown in table 2, 33 of the 34 clones isolated contained at least one Feilai element. Twenty-two of the 33 Feilai clones had at least one additional transposable or repetitive element. Feilai elements and these repetitive elements are very close physically, as the average insert size of these clones is less than 2 kb. The elements found in these Feilai clones are predominantly fragments of non-LTR retrotransposons and miniature inverted-repeat transposable elements (MITEs). For example, six of the Feilai elements are associated with fragments of the Juan-A retrotransposon (Mouches, Bensaadi, and Salvado 1992) . Most of the fragmentation of the retrotransposons seemed to have happened quite some time ago, because most of the fragments showed signs of degeneration, such as relatively high sequence divergence from the full-length copies. The associations between Feilai and some of the transposons are likely to be nonrandom. For example, the number of Juan-A elements expected to be found in the above 33 clones is less than 0.02, assuming random distribution. This is based on the estimation that there are approximately 200 copies of Juan-A per genome, full-length and truncated (Mouches, Bensaadi, and Salvado 1992) . However, as mentioned above, six Juan-A elements were found in these Feilai clones, far exceeding the expectation of 0.02.
Highly Biased Distribution Toward AϩT-Rich Regions
No obvious consensus was observed in the short direct repeats flanking 15 of the 20 full-length Feilai elements. However, 9 of the 15 direct repeats were highly AϩT-rich. The 5Ј halves of 7 of the 15 direct repeats were preceded by the AA dinucleotide. Furthermore, the extended 5Ј-and 3Ј-flanking regions of Feilai elements, approximately 500 bp at each end, were also highly AϩT-rich. As shown in table 4, the average AϩT contents in the 5Ј-and 3Ј-flanking regions of the Feilai elements found near genes are 0.597 Ϯ 0.065 and 0.609 Ϯ 0.063, respectively. The average AϩT contents of the 5Ј-and 3Ј-flanking regions of the Feilai elements found in other regions of the genome are 0.616 Ϯ 0.065 and 0.617 Ϯ 0.054, respectively. However, the average AϩT content of the open reading frames (ORFs) of Ae. aegypti genes is approximately 0.472 Ϯ 0.054, based on a calculation of 34 genes found during a database search performed in August 1998. As shown in table 4, the flanking sequences of Feilai elements are highly significantly more AϩT-rich than are the ORFs in all comparisons based on the t-test analyses. However, there are no significant differences between the sequences flanking Feilai elements near genes and the sequences flanking Feilai elements in other regions. There is no significant difference between the 5Ј-and 3Ј-flanking sequences.
Discussion
The study of Feilai described here provides an addition to the limited number of SINEs analyzed in insects (Bradfield, Locke, and Wyatt 1985; Adams et al. 1986; Sun et al. 1991; Lampe and Willis 1994) , and therefore expands our current knowledge of SINEs, which is based mainly on studies of vertebrate genomes.
Evolution of Feilai in Ae. aegypti
Feilai is a family of highly reiterated tRNA-related SINEs in the genome of Ae. aegypti. There are a sig- AF107698  AF107682  AF107687  AF107677  AF107684  AF107675  AF107678  AF107676  AF107680  AF107681 NOTE.-The system used to organize Feilai elements is described in table 1. The fourth column shows other repetitive elements in a clone that contains a Feilai element. Only the relatively well characterized repetitive elements are listed. JAM1 (Warren, Hughes, and Crampton 1997) , Juan-A (Mouches, Bensaadi, and Salvado 1992) , Lian (Tu, Isoe, and Guzova 1998) , and Q (Besansky, Bedell, and Mukabayire 1994) Naming of the elements is described in the legend to figure 2. All analyses were conducted using PAUP* 4.0 b1 (Swofford 1998) . All trees were unrooted. The relative branch length was calculated by PAUP* 4.0 b1. A, Phylogenetic relationship of 20 full-length Feilai elements. The alignment used here was the same as that in figure 2A except that the three nucleotides at the extreme 5Ј end and the four nucleotides at the extreme 3Ј end that are not shared by most of the Feilai elements were not included. The tree shown here was constructed using a minimum-evolution algorithm. The heuristic search was conducted using the tree bisectionreconnection branch-swapping algorithm. All characters are of equal weight and unordered. Neighbor joining and maximum parsimony were also used in the analyses. Confidence of the groupings was estimated using 500 bootstrap replications. The Arabic number at the base of a node is the bootstrap value which represents the percentage of times out of 500 bootstrap resamplings that branches were grouped together at a particular node. The first number is the bootstrap value derived from a minimum-evolution analysis, the second is that derived from a neighborjoining analysis, and the third is that derived from a parsimony analysis. A dash indicates that the bootstrap value is below 50%. Groupings supported by two independent bootstrap analyses are marked as thicker branches. Groupings supported by all three bootstrap analyses are marked as the thickest branches. B, Phylogenetic relationship of 15 full-length Feilai elements that are flanked by target duplications. The alignment was done as described for the alignment of the 20 full-length elements in figure 2A . Other methods and indications for the symbols are the same as in A. nificant number of highly diverged and often truncated copies of Feilai in the genome. The mechanism of these truncations is not yet clear. One possibility is that the truncated copies are products of incomplete reverse transcription during retrotransposition. This is consistent with the observation that there are more 5Ј than 3Ј truncations. Furthermore, 7 of the 14 truncations at the 5Ј end occurred within 5 bp of an adenine base in the tRNA-related region ( fig. 4) , indicating a possible stalling point for reverse transcription. However, the lack of direct repeats flanking the truncated copies and the presence of 3Ј-truncated copies suggest that incomplete reverse transcription cannot account for all truncations. Another possibility is that some of the Feilai elements may have served as targets for extensive insertion by other transposons, which resulted in the fragmentation of these Feilai sequences. It is also possible that some of the truncated copies are caused by deletion or recombination. In any case, the presence of a significant number of truncated and often highly degenerate copies of Feilai elements indicates that Feilai may have existed in Ae. aegypti for a relatively long time. In this regard, it will be interesting to determine the distribution of Feilai in other related species of mosquitoes.
On the other hand, a large number of Feilai elements are full-length and are relatively conserved in sequences. Phylogenetic analyses and sequence comparisons of the 20 full-length Feilai elements suggest that there are at least two subfamilies, A and B. The tRNArelated 5Ј regions are more variable between subfamilies. It is not yet clear whether different subfamilies may be corresponding to different tRNAs. Fifteen of the 20 full-length elements are flanked by direct repeats, which is another indication of recent transposition. As shown in figure 3 , the branch lengths of the Feilai elements in groups A and B are quite variable. This is likely a reflection of the relative times of the amplification events in these two groups, assuming a similar rate of mutation. Moreover, within group A, all but the three highly divergent elements form a single node that is supported FIG. 4. -Multiple-sequence alignment of the truncated Feilai elements and the consensus sequences of the two subfamilies A and B. Naming of the elements is described in the legend to figure 2. The alignment was done following these steps: (1) The consensus sequences of the two subfamilies, consA and consB, were aligned with truncated yet relatively long sequences. 2) The other short stretches of truncated sequences were added to the alignment based on pairwise comparisons between these sequences and the two consensus sequences. (3) the alignment was then slightly modified manually at the ends. The consensus sequence of the above alignment was created by Pretty (plurality ϭ 3, threshold ϭ 1) of GCG. ''Ͼ'' indicates a 5Ј truncation, and ''Ͻ'' indicates a 3Ј truncation. Other symbols are the same as in figure 2. by two of the three bootstrap analyses. Elements in this node can be further divided into a few subgroups. Elements in these subgroups showed shorter branch lengths than other elements, indicating multiple recent amplifications. Therefore, it is possible that there is more than one source gene for the recent amplification of Feilai elements in the A subfamily. However, analysis of a large number of Feilai elements is necessary before any NOTE.-A total of 1,180 plaques were screened under different stringencies using multiple-lift membranes. The number of positive clones listed in columns 3 and 4 are additional clones identified when the stringency was lowered.
a Based on the sequences of 34 clones: 14 for 0.1 ϫ SSC, 10 for 0.5 ϫ SSC, and 10 for 2 ϫ SSC. Two of the 10 clones identified at 0.5 ϫ SSC, clones 432 and 434, were false positives, although both contained a Feilai fragment that did not overlap the probe. Three of the 10 clones identified at 2 ϫ SSC, 416, 420, and 426, were false positives. 426 had no Feilai, while 416 and 420 contained Feilai fragments that did not overlap the probe.
b Based on the percentage of false positives determined above. c Calculated using the formula described in Materials and Methods. The experiment described here is only intended to estimate the relative abundance of Feilai elements with different sequence similarities to the probe and to the consensus sequence.
d Based on analysis of sequences of the positive clones. In cases where two Feilai elements were found in one clone, only the ones with higher similarities to the probe were used in the calculation. Some of the clones isolated at stringencies of 0.5 ϫ SSC and 2 ϫ SSC contained fragments of Feilai elements that were highly similar to the probe, while the lengths of the fragments were too short to be detected at a higher stringency. NOTE.-The AϩT contents of the flanking sequences are from tables 1 and 2. B and E are 5Ј-and 3Ј-flanking sequences of the Feilai elements found in introns and other noncoding regions of genes as listed in table 1. Because a histone gene was found in clone 440 near Feilai-Aa-A7, the flanking sequences of Feilai-Aa-A7 were also included in B and E. Sequences flanking Feilai elements found in MosquI-Aa5 and ZebedeeI listed in table 1 are included in C and F, together with the rest of the sequences in table 2. Only flanking sequences longer than 300 bp are used in these calculations. The AϩT contents of ORFs of 34 Ae. aegypti genes found during a database search performed in August 1998 were used as the baseline for comparison. conclusion can be drawn. In this regard, it is interesting to note that the question of whether a single master gene or several source genes, in a given evolutionary time, are responsible for the amplification of Alu elements in primates is currently debated (Deininger et al. 1992; Brookfield 1993; Schmid 1993; Deininger and Batzer 1995) . It will be interesting to see which of the models may better explain the evolution of Feilai in Ae. aegypti.
Biased Distribution of Feilai in Ae. aegypti
A number of Feilai elements were found in the noncoding regions of genes (as listed in table 2). The sequences flanking Feilai elements found in the noncoding regions of genes as well as other regions of the genome are highly AϩT-rich, significantly more than the average of the ORFs of Ae. aegypti. Furthermore, the majority of the direct repeats flanking the full-length elements are also AϩT-rich. This may explain why no Feilai was found in the coding regions of genes in Ae. aegypti. The mechanism responsible for the above bias is not yet clear. It is possible that either selection against insertion in coding regions, preferential insertion into AϩT-rich noncoding regions, or both could provide such bias. On the other hand, many Feilai elements were found to be associated with other repetitive elements. This distribution bias was first indicated when five Feilai elements were found in the introns of the AaHR3-2 gene. In a subsequent analysis of 34 genomic clones, the majority of the Feilai elements were found to be closely associated with other repetitive elements, especially with fragments of non-LTR retrotransposons and MITEs (as shown in table 2). Furthermore, there are indications that such associations may be nonrandom, as discussed in Results. It is possible that some of the Feilai elements could be in the heterochromatic regions in which repetitive elements concentrate. However, this explanation is probably only part of the story. First of all, as described above, a number of Feilai elements were found in introns and flanking regions of genes. Furthermore, the association between Feilai and other repetitive elements and the association between Feilai and the noncoding regions of genes are not mutually exclusive. In other words, a Feilai element could be found in single-copy DNA such as the genic regions while still associated with repetitive elements. This ''contradiction'' may be resolved, because recent observations showed that the noncoding regions of a large portion of characterized genes in Ae. aegypti contained local regions rich in repetitive elements (unpublished data). In fact, many of the novel families of transposable elements were first discovered during the analyses of the noncoding regions of genes in Ae. aegypti (Tu 1997; Tu, Isoe, and Guzova 1998) . A recent survey of sequences of the entire genome of the baker's yeast, Saccharomyces cerevisiae, showed highly biased distribution of the five families of LTR retrotransposons, Ty1-Ty5 (Kim et al. 1998; Sandmeyer 1998) . Ty5 elements were found in the silenced loci, such as telomeres and mating-type cassettes. On the other hand, 294 of the 324 Ty1-Ty4 elements were found within 750 bp of genes transcribed by polymerase III, which are interspersed in the genome. The distribution bias described above suggests close interactions between transposable elements and the host genome. Several authors have proposed that the genome is a complex ecological system in which both the lineage of the host and the lineage of the transposable elements operate (e.g., Brookfield 1995; Kidwell and Lisch 1997) . Such perspective may help us to understand the evolution of the Feilai elements in the Ae. aegypti genome.
SINEs and Genome Organization
Feilai elements may constitute up to 2% of the entire genome in Ae. aegypti. More importantly, they were also shown to be highly interspersed in the genome, although they are often associated with other repetitive elements. In other words, Feilai does not seem to belong to the type of repetitive elements that are predominately found in heterochromatin such as centromeric or telomeric regions. It has been shown that up to 80% of the Ae. aegypti genome is organized in a ''short-period interspersion'' pattern in which the single-copy DNA is partitioned into small blocks by repetitive elements (Gale 1987; Warren and Crampton 1991) . The presence of highly repetitive Feilai elements in Ae. aegypti and their locations in the noncoding regions of a significant portion of analyzed genes suggest that they may have contributed to the pattern of short-period interspersion in this species, similar to the highly repetitive MITEs recently found in Ae. aegypti (Tu 1997) . In this regard, it is interesting to note that both D. melanogaster and Anopheles gambiae apparently lack any significant number of SINEs (Robertson and Lampe 1995) , which is consistent with the fact that their genomes are organized in a ''long-period interspersion'' pattern in which singlecopy DNA is less interrupted by repetitive elements (Davidson et al. 1975; Crain et al. 1976; Black and Rai 1988) . Thus, the presence and absence of highly repetitive SINEs correlates well with the types of genomes of these three dipteran insects.
Potential Use
Mosquito-transmitted diseases such as malaria and dengue fever are on the rise. Traditional control methods have gradually become less effective due to increasing insecticide and drug resistance of both the mosquitoes and the pathogens. Current research has focused on using a genetic engineering approach to render the mosquitoes less effective hosts for the pathogens. Significant progress has been made in both the transformation of mosquitoes and the search for possible genes that may determine refractory traits in mosquitoes (e.g., Zheng et al. 1997; Coates et al. 1998; Jasinskiene et al. 1998) . However, a key link is still missing in the current approach of genetic engineering. The population genetics of mosquitoes in the field, particularly the population structure and the movement or spread of alleles in populations, is poorly understood. As discussed in Introduction, polymorphic insertions of SINEs have been successfully used in several recent studies as powerful genetic markers for population studies. Because it is likely that there are relatively ''young'' subfamilies of Feilai elements in Ae. aegypti, there may be a good chance to find polymorphic insertions of the Feilai elements among different populations or different individual mosquitoes. If this is the case, these polymorphic insertions could be used to develop genetic markers for population studies that could greatly facilitate our understanding of the population genetics of this species of mosquito. These markers could also be used for mapping the genes that confer refractory traits in mosquitoes. Because Feilai elements are highly repetitive and interspersed in the genome, they could potentially be very good sources of such markers. The importance of developing Feilai-based markers is further underscored because microsatellites are, for reasons not currently understood, quite rare in Ae. aegypti.
Current study of a small sample of the vast number of Feilai elements has already indicated the complexity of the evolutionary relationship between Feilai and the Ae. aegypti genome. Further analysis of the Feilai elements will likely provide deeper insights into the basic genetic makeup and genomic organization of Ae. aegypti, as well as potentially powerful genetic tools for the control of mosquito-transmitted diseases.
